The tricarbonyl [Mn(CO) 2+ 10 2+ . The relative electron donating ability of HC(pz¢) 3 has been established by comparison with the cyclopentadienyl and tris(pyrazolyl)borate analogues. Cyclic voltammetry shows that each of the complexes undergoes an irreversible oxidation. The correlation between the average carbonyl stretching frequency and the oxidation potential for complexes of P-and C-donor ligands is coincident with the correlation observed for [Mn(CO) 3-m L m (h-C 5 H 5-n Me n )]. The data for complexes of N-donor ligands, however, are not coincident due to the presence of a node (and phase change) between the metal and the N-donor in the HOMO of the complex as suggested by preliminary DFT calculations.
Introduction
Poly(pyrazolyl)alkane ligands of the type R 4-n C(pz x ) n (n = 2, 3 or 4) are neutral analogues of poly(pyrazolyl)borate anions ( Fig. 1 ).
1,2
The HC(pz¢) 3 ligand is considerably less basic than anionic Tp -or Cp -and may also be considered analogous to C 6 H 6 as they are both neutral, facially-capping, six-electron donors. scorpionates 13, 20 have been reported. However, unlike for the cyclopentadienyl 15 and poly(pyrazolyl) complexes, 14, 21 there is no literature reporting the substitution of CO.
Here we describe the synthesis of a range of manganese complexes [Mn(CO) 2 L{HC(pz¢) 3 
}]
+ {L = CO, PMe 3 , PEt 3 , P(OEt) 3 , P(OCH 2 ) 3 CEt, py, MeCN, CNtBu, CNXyl} in which the pyrazolylmethane ligand occupies three co-ordination sites around the octahedral manganese metal centre. Manganese dicarbonyl complexes were chosen as they are readily obtainable, CO vibrations can easily be monitored by IR spectroscopy and are oxidised more readily than the analogous tricarbonyl complexes.
Results and discussion

Synthesis and characterisation of tris(3,5-dimethylpyrazolyl)methane manganese complexes
The manganese tricarbonyl complex [Mn(CO) 3 {HC(pz¢) 3 5 ] with tris(3,5-dimethylpyrazolyl)methane and subsequent addition of ammonium hexafluorophosphate. UV irradiation in the presence of various coordinating ligands (phosphines, etc.) did not give the desired mono-or di-substituted manganese products, but led to complete decomposition. However, the neutral tris(pyrazolyl)methane ligand makes complexes such as [Mn(CO) 3 {HC(pz¢) 3 
}]
+ 1 + more susceptible to nucleophilic attack at CO than analogous pyrazolylborate complexes. Thus, complex 1 + does react with various ligands in the presence of trimethylamine oxide to give monosubstituted dicarbonyls (Scheme 1). As with the pyrazolylborate analogue, 21 there was no reaction between [Mn(CO) 3 {HC(pz¢) 3 
+ and PPh 3 or PCy 3 (i.e. phosphines with larger cone angles).
An alternative route to complexes 2 + -6 + and 8 + -9 + involved the reaction of [Mn(CO) 2 (NCMe){HC(pz¢) 3 21 analogues give mono-and di-substituted complexes. In addition, the use of bidentate ligands such as dppe {1,2-bis(diphenylphosphino)ethane} did not induce substitution. This is perhaps not so surprising given that there was also no reaction with PPh 3 .
Complexes 1 + -10 2+ were characterised by elemental analysis (Table 1) , X-ray crystallography in the cases of 2 + and 6 + , 1 H NMR spectroscopy (except for 10 2+ ), IR spectroscopy (Table 1 ) and cyclic voltammetry (Table 5) . of the signals for the pyrazolyl protons is split into two, in a 2 : 1 ratio, due to the two rings trans to CO and one trans to L. The methyl substituents on the pyrazolyl rings also give two signal in the same ratio (see experimental). It was not possible to obtain a well resolved 1 H NMR spectrum of 10 2+ due to its insolubility (in a range of solvents). The [BPh 4 ]
-salt of 10 2+ was also insufficiently soluble to provide a useful spectrum.
The 31 P NMR spectra of 2 + -5 + were either very broad or did not show a signal for the phosphine/phosphite ligand, probably due to the quadrupolar nature of the manganese centre. Each complex did, however, show a septet at ca. -145 ppm for the [PF 6 ] -ion.
IR spectroscopy
The + increase in the order L = PEt 3 < py < PMe 3 < MeCN < P(OEt) 3 < tBuNC < XylNC < P(OCH 2 ) 3 CEt, consistent with accepted trends in electron donor and acceptor ability for these ligands.
23-25
The relative electron-donating ability of the ligands Tp¢, Tp, Cp* and Cp varies with metal, oxidation state and co-ligands.
26,27
For Group 7 carbonyl complexes there is some ambiguity as to the trends in electron donating ability of Cp and Tp type ligands. 26 However, for manganese, in general the Cp ligands are more electron donating than the Tp ligands. The carbonyl stretching frequency for the pyrazolylmethane complex is greater than that observed for the pyrazolylborate and cyclopentadienyl complexes (Table 2) . However, the complexes of Cp*, Cp, Tp¢ and Tp are neutral whereas 1 + is cationic. The positive charge on the metal reduces back donation to the CO ligands thus, increasing + 6 + as [PF 6 ] -salts were determined by X-ray crystallography (Tables 3 and 4) . Crystals of each were grown by allowing n-hexane to diffuse slowly into a concentrated CH 2 Cl 2 solution of the complex at -20
• C. The structure of 2 + is distorted octahedral ( • respectively. The tridentate tris(3,5-dimethylpyrazolyl)methane ligand facially caps three coordination sites of the octahedral manganese. The pyrazolyl ring trans to the phosphine is closer to the metal centre than the pyrazolyl rings trans to carbonyls, with an Mn-N(1) bond length of 2.064(5) Å compared to 2.129(5) and 2.110(5) Å for Mn-N(2) and Mn-N(3). • respectively. 29 In one of the molecules, the pyrazolyl ring trans to the phosphite is closer to the metal centre than the pyrazolyl rings trans to carbonyls with an Mn-N(1) bond length of 2.046(2) Å compared to 2.143(3) and 2.104(3) Å for Mn-N(2) and Mn-N(3). However, in the second molecule, the bond length for Mn-N(1) {2.106(2) Å } lies between the bond lengths for Mn-N(2) and Mn-N(3) {2.078(3) and 2.161(3) Å }.
The structure of 6 + shows the same general features as that of 2 + in that it is also distorted octahedral (Fig. 4) with a facially capping tris(3,5-dimethylpyrazolyl)methane ligand. Again, the pyrazolyl ring trans to pyridine is closer to the metal centre than the pyrazolyl rings trans to carbonyls, with an Mn-N(1) bond length of 2.052(4) Å compared to Mn-N(2) and Mn-N(3) bond lengths of 2.079(4) and 2.072(4) Å respectively. In addition, the Mn-N (pyrazolyl) bond lengths for 6 + {2.052(4), 2.079(4) and 2.072(4) Å } are slightly shorter (and more similar) than for 2 + {2.064(5), 2.129(5) and 2.110(5) Å }. 
Electrochemical studies
The cyclic voltammograms in CH 2 
10
2+ each show an irreversible oxidation wave in the potential range 0.13 to 1.11 V (Table 5) . Complex 10 2+ also shows a partially reversible reduction at -1.35 V {I (red) /I (ox) = 0.84 at a scan rate of 200 mV s -1 } (Fig. 5) . Given that all of the complexes 2 + -9 + are yellow or orange, the purple colour of 10 2+ suggests electron-transfer processes which must differ from those of the mononuclear complexes. Intervalence charge transfer should result in two oxidation waves in the cyclic voltammogram where only one is observed. However, given an irreversible oxidation, it is possible that decomposition occurs before a second oxidation is observed. As reflected in the IR spectra with decreasing n(CO) for stronger donors, the increase in electron density at the metal results in lower oxidation potentials (i.e. there is a direct between the carbonyl stretching frequencies and the oxidation potential). A plot of E 0 ¢ against the average carbonyl stretching frequency for [Mn(CO) 2 L(h 5 -C 5 H 5-n Me n )] is linear. 15 As the oxidations of 1 + -10 2+ are irreversible, E 0 values were estimated from the peak potentials (assuming fully reversible systems and approximated by comparison with the peak to peak separation of the ferrocene calibrant). View Online the tris(3,5-dimethylpyrazolyl)methane complexes described here is also linear and coincident with that for the cyclopentadienyl series (R 2 = 0.99) (Fig. 6) . However, the data points for the acetonitrile complexes [Mn(CO) 2 (NCMe){HC(pz¢) 3 (purple) do not lie on the same line. DFT studies reveal subtle differences in the HOMO which explain the different behaviour of the complexes of N-and P-donors (see below). 
Density Functional Theory calculations
In an attempt to elucidate further the nature of the bonding within this series of complexes, density functional theory (DFT) calculations (computed using the B3PW91 hybrid functional) were undertaken on the phosphine complex 2 + , the pyridine complex 6 + and the 4,4¢-bipyridine bridged complex 10 2+ . Firstly, the predicted lowest energy conformations of 2 + and 6 + are similar to that observed experimentally. In both complexes, the pyrazolyl ring trans to L is closer to Mn {2.057 Å for 2 + ; 2.045 for 6 + Å } than the pyrazolyl rings trans to carbonyls (2.153 and 2.126 Å for 2 + ; 2.089 and 2.089 Å for 6 + ). In addition, the Mn-N (pyrazolyl) bond lengths for 6 + are shorter (and more similar) than for 2 + as seen experimentally. Although absolute values for stretching frequencies within the complexes cannot be reliably determined, relative values can be obtained. In order to determine the reasons for complexes of Ndonor ligands not conforming to the expected trend, theoretical carbonyl stretching frequencies were determined for each complex. The average calculated value for 2 + (1981 and 2038 cm -1 ) is 8 cm
lower than that for 6 + (1989 and 2045 cm -1 ). However, this is not in accord with the experimental values in which the average CO stretching frequency of 2 + is 3 cm -1 higher than that of 6 + . An analysis of the frontier orbitals provides a qualitative insight into the bonding characteristics of each complex (Fig. 7) . For the pyridine complex, 6 + , the HOMO (E = -7.86 eV) is mainly a p orbital between the metal and the CO ligands (backbonding). There is also orbital coverage on the pyridine ligand. However, there is a node (and resultant phase change) between the metal and the N-donor. Therefore, the HOMO does not contain any M-N bonding character. For the phosphine complex, 2 + , the HOMO (E = -8.11 eV) is again mostly a p orbital situated on manganese and the CO ligands. However, the HOMO also located over the M-P bond with no node (or phase change). The contiguous nature of the HOMO results in an association between the M-CO and M-P bonds. These intimately entwined molecular orbitals could explain the correlation between CO stretching energies and the oxidation potentials of the complexes of phosphine ligands. The node (and resultant phase change) between the metal and N-donor ligands results in a different relationship with the CO ligands and, therefore, offers a possible explanation for why the plot of average CO stretching frequency vs. oxidation potential does not lie on the line of phosphine complexes. It is noteworthy that for 2 + , two of the lowest unoccupied orbitals are sufficiently close in energy to be considered isoenergetic (DE <0.2 eV). The LUMO (E = -3.78 eV) {and LUMO+1 (E = -3.65 eV)} are situated primarily on the tris(3,5-dimethylpyrazolyl)methane ligand. By contrast, for 6 + the LUMO (E = -4.00 eV) is situated primarily on the pyridine ligand. The frontier orbitals of 10 2+ are similar in location to the pyridine complex 6 + (Fig. 8) . The HOMO (-9.14 eV) and HOMO-1 View Online (-9.31 eV) can be considered isoenergetic and are lower than for 6 + . This results in greater stabilisation of the complex and an increase in oxidation potential, as seen experimentally. Both orbitals are situated on the manganese metal centres and CO ligands with some electron density on the 4-position of the 4,4¢-bipyridine ligand. There is again a node (and phase change) between the metal and the N-donor ligands as observed in the monometallic complex. The LUMO is situated almost entirely on the 4,4¢-bipyridine ligand. The location of the frontier orbitals (and the purple colour of the complex) suggest that an MLCT transition is occurring. The HOMO-LUMO bandgap for 10 2+ (E bandgap = 2.67 eV) is much smaller than for 2 + (E bandgap = 4.33 eV) or 6 + (E bandgap = 3.86 eV). This results in the lowest energy absorption (464 nm cf . 287 and 321 nm for 2 + and 6 + respectively) falling into the visible region giving a possible explanation for the observed colour. Interestingly, rotation about the 4,4¢-position of the bipyridine ligand of 28
• from planarity gives the lowest energy configuration.
Conclusions
The first examples of manganese dicarbonyl complexes bearing a neutral pyrazolylmethane ligand, [Mn(CO) 2 L{HC(pz¢) 3 }][PF 6 ], were prepared from the parent tricarbonyl using Me 3 NO in the presence of co-ordinating lignds. X-ray crystallography has shown that similar structures are adopted for complexes with P-and Ndonor ligands. Pyrazolyl rings trans to these ligands are closer to the metal than those trans to carbonyls. Pyrazolyl rings are slightly closer to the metal (and more similar) for the pyridine complex compared to the phosphine complex.
There is a direct correlation between the average carbonyl stretching frequency and the oxidation potential for complexes of P-donor ligands. 
Experimental
The preparation, purification and reactions of the complexes described were carried out using Schlenk techniques under an atmosphere of dry nitrogen using solvents dried by Anhydrous Engineering double alumina or alumina/copper catalyst columns. All solvents were deoxygenated prior to use unless otherwise stated. The compounds [MnBr(CO) 5 ] 30 and HC(pz¢) 3 8, 31 were prepared by published methods.
X-Ray diffraction studies were performed on a Siemens threecircle SMART area diffractometer. All calculations were made with programmes of the SHELXTL system.
32
DFT studies were performed using the Gaussian 03 suite of programs. 33 Calculations were carried out with the hybrid B3PW91 functional, with the 6-31G(d,p) basis set for manganese and the coordinating atoms and 6-31G basis set for all other atoms. Geometry optimisations were performed without restraints, followed by frequency calculations to ascertain the nature of the resulting structure (minimum vs. transition state).
NMR spectra were recorded on a JEOL GX270 or JEOL l300 spectrometer with SiMe 4 as an internal standard. 31 P NMR spectra were recorded at 121 MHz.
Electrochemical studies were carried out using an EG&G model 273A potentiostat linked to a computer using EG&G Model 270 Research Electrochemistry software in conjunction with a threeelectrode cell. The auxiliary electrode was a platinum wire and the working electrode a platinum disc (1.6 mm diameter). The reference was an aqueous saturated calomel electrode separated from the test solution by a fine porosity frit and an agar bridge saturated with KCl. Solutions were 1.0 ¥ 
